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Turbidity is a useful parameter that can be utilized to help understand the water 
quality in a river and is an expression of the optical properties of a liquid that cause light 
rays to be scattered and absorbed rather than transmitted in straight lines. A total of 41 
storm events occurring during water years 2006-2012 were analyzed for this study. A 
hysteresis index (HI) was used to assess the difference in turbidity on the rising and 
falling limbs of a storm-hydrograph. The upstream Carter Bridge site exhibited a 
clockwise (C) hysteresis in 38 of 41 storm events and counter-clockwise (CC) hysteresis 
in three storm events. The downstream Oregon City site exhibited clockwise hysteresis 
in 29 of 41 storm events and counter-clockwise hysteresis in 12 storm events. Paired t-
test comparisons of calculated HI measured during storm events showed that the 
upstream forested site Carter Bridge had a statistically significant higher HI than the 
downstream Oregon City site, suggesting that particles that contribute to increasing 
turbidity and suspended sediment at the upstream site are delivered to the river earlier 
in the storm event in comparison to the downstream Oregon City site.  In contrast 
particulate matter and suspended sediment was more likely to be higher on the 
receding limb of the storm hydrograph at the downstream site in comparison to the 
upstream monitoring location.  
Multiple linear regression analysis determined the major hydrological controls 




ΔQ) in discharge explained 81% of the log value of change in turbidity (Log ΔTb) at 
Carter Bridge and 48% of the change in turbidity at Oregon City for all storms. Log ΔQ 
explained 85% and 50% variations of Log ΔTb at Carter Bridge and at Oregon City, 
respectively in the wet season. Log ΔQ explained 82% of Log ΔTb at Carter Bridge during 
the Dry Season and together with 3-day antecedent precipitation, Log ΔQ explained 84% 
of variation in Log ΔTb at Oregon City during the Dry Season. The findings of this study, 
which offers information about the dynamics that lead to increased turbidity events, 
could be helpful to researchers, regulatory agencies and water resource managers in 
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Turbidity is a measure of the collective optical properties of a water sample that 
cause light to be scattered and absorbed rather than transmitted in straight lines. The 
higher the concentration of suspended particles, the higher the scattering and 
absorbance of light, and thus, the higher the turbidity value of the water sample. 
Primary contributors to turbidity include clay, silt, finely divided organic and inorganic 
matter, soluble colored organic compounds, plankton, and microscopic organisms 
(American Public Health Association and others, 1998). Turbidity is caused by sediment 
erosion, sediment resuspension and other particulate matter affecting the clarity of a 
water sample. Basin geology and soil composition, land-use and soil exposure, slope of a 
river channel, geomorphic structure of the channel, precipitation and runoff, origin of 
the water including point and nonpoint sources are all components that affect the 
turbidity observed in rivers and streams. A conceptual model of the environmental 























Figure 1.  Conceptual model of elements that contribute to increased 





Turbidity measured in river waters during storm events exhibits a close positive 
relationship with suspended sediment concentration (SSC). Many studies have used 
turbidity measurements as a surrogate to calculate suspended sediment loads in  rivers 
and streams (Wass et al., 1997, Uhrich et al., 2003, Chanson and Takeuchi, 2008, Uhrich 
and Kolasinac, 2014). This process involves measuring turbidity while simultaneously 
collecting water samples that are then analyzed for SSC. After the collection of sufficient 
samples, linear regression models are often used to calculate sediment loads (Bragg, 
2007). Particle size, shape and composition can all be expected to influence light 
attenuation and turbidity, so any attempt to use turbidity measurements as a surrogate 
for direct determinations of SSC should take careful account of such factors (Gippel, 
1989).  
 Increases in turbidity readings regularly occur during storm events when rainfall 
and storm runoff mobilize particles from the riparian zone, upstream locations in the 
watershed and the overall stream network within a catchment (Chen and Chang 2014).  
Water from storm events and related runoff can increase river discharge and flow 
velocity. Increases in discharge are associated with increased shear velocities and 
turbulence and therefore an increased capacity to erode and transport sediment.  Soil 
erosion and subsequent sediment transport into a waterway involves detachment, 
entrainment and eventual transport of particles via the stream network.  The sources of 
sediment and particulate matter contributing to elevated turbidity readings can have an 




be adsorbed onto the surface of sediment particles.  Sediment, solids and other 
particulate matter can act as a substrate for transport of pollutants such as heavy 
metals (Horowitz, 1991), nutrients such as total phosphorus, bacteria (E. Coli), 
(Anderson and Rounds, 2003), nutrients (McKee and others, 2000), hydrocarbons and 
pesticides (Larson, 1997, Settle and Ashantha, 2007). Sediment and sediment-associated 
constituents are leading pollutants impacting waterbodies and undermining their values 
and functions for habitat, water supply, recreation, energy production, navigation and 
other functions (Fletcher and Deletic, 2007). Estimating the mass of pollutants (e.g. 
nutrients, heavy metals and sediment) is a prerequisite to the effective management of 
water quality in waterways (Fletcher and Deletic, 2007).   
 A number of studies have shown that a majority of annual sediment transport 
can occur during high flow storm events (Richards and Holloway, 1987; Longabucco and 
Rafferty, 1998; Davies-Colley and Smith, 2001; O’Donnell and Effler, 2006) (see Table 1). 
The dominant control on suspended sediment concentration is the supply of material to 
the river. The existence of a relationship between concentration and discharge is a 
reflection of the fact that sediment supply increases during periods of precipitation and 
storm runoff (Berrie, 1993). These periods are generally characterized by high 
discharges. These periods of high discharge will reflect not only land-use, soil and the 
underlying rock mineralogy, but also the antecedent soil moisture conditions as well as 




 Antecedent precipitation is precipitation falling before, but influencing the 
runoff yields of a given rainfall event.  An antecedent precipitation index (API) is often 
used for the estimation of runoff yields from rainfall events on those watersheds whose 
auxiliary data are limited, or are not available (Ali et al., 2010).  The importance of 
antecedent rainfall during intervals prior to the start of a rainstorm, in controlling the 
infiltration capacity of the soil profile and the initiation of runoff has been recognized 
for years (Istok and Boersma, 1986). The antecedent soil water content affects the 
infiltration rate.  Wet soil has a lower infiltration rate than a dry soil. Precipitation falling 
on a wet soil will result in a higher runoff rate than the same amount of precipitation 
falling on a dryer soil.  
 Hysteresis in relation to soil moisture content is due to the fact that during soil 
wetting; the small pores fill first, while during drainage and drying the large pores empty 
first.  Soil water hysteresis has a different relationship between soil water and soil 
suction during wetting and drying and will vary depending on the wetting and drying 
history of the soil (Ward and Trimble, 2004).  As the pore size fills with water, the 
infiltration capacity of the soil profile decreases.  Any additional rainfall occurring after 
soil saturation immediately becomes, runoff even if the rainfall intensity is very small 
(Istok and Boesrma, 1986). Hysteresis patterns in the relationship of discharge to 
suspended concentration have been investigated in efforts to understand the factors 




According to Nistor and Church (2005), the most common pattern is the 
clockwise hysteresis that indicates depletion of available sediment before the stream 
flow peak occurs. Counterclockwise hysteresis indicates delayed sediment travel time 
resulting from the downstream distance of the measuring station from the sediment 
source (Williams, 1989). According to Asselman (1999), suspended sediment originating 
from the stream channel typically causes larger turbidity values during the rising limb of 
a stream flow peak (clockwise hysteresis), and sediment originating from more distant 
basin sources often causes larger turbidity values during the falling limb 
(counterclockwise hysteresis) of the storm hydrograph.   The amount of particulate 
matter entrained in runoff is a chief determinant in turbidity to rivers during storm 
events.   
Understanding the dynamics that lead to increased turbidity events can be 
helpful to researchers, regulatory agencies and water resource managers in maintaining 










Table 1.  Representative studies investigating turbidity dynamics, hysteresis and 
suspended sediment during storm events 
Authors Study area 
(size)/Land Use 
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deposits of silty 





specific land use 
information 
provided, but based 
on location in an 
experimental 
watershed in Polk 
County, Oregon it is 
likely a mostly 
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predicting the 
occurrence and amount 






















655 km2- Forested 
land cover upstream 
and cultivated plans 
in the lower portions 
of the basin. No 











model (SMA) to 
develop rainfall-




Modeled 16 flood 
events occurring over a 
24-year period. Rainfall, 
discharge and satellite 






















 J. Philip 
O’KANE 





systems in the 















Details and derives 
equations describing 





















One large catchment 
and two nested sub 
catchments. One site 
54 km downstream. 
Mixed land use of  
Agricultural, 
livestock (cattle and 









data collected at 






during baseflow and 
stormflow conditions. 
 An empirical mass-
balance model on water 


















Authors Study area 
(size)/Land Use 







99,000 km2 – 
4 sub basins of 
mixed land use 
primarily forested 
and agricultural with 




















collected for nutrient 
analysis nitrogen (N) 
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sources-and water from 
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ammonia peaks, biofilm 
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sediment stores using 
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turbidity on rising and 


















storm events.  
Authors Study area 
(size)/Land Use 
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sloped mountainous 
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middle 20th century 
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1.1 Aims and Objectives 
 
The objective of this study is to use data collected at water-quality monitoring 
stations, discharge gauges and available precipitation data to identify the major hydro 
meteorological controls that determine the magnitude of turbidity measured in the 
Clackamas River during high-flow storm-runoff events.  In-situ turbidity, acoustic and 
streamflow data can be used to compute a time series of suspended-sediment 
concentrations and loads at stream sites (Rasmussen et al., 2008). Continuous turbidity 
data provide a record of the changes in optical clarity of a waterbody over time and are 
a useful tool in efforts to study water-quality conditions, trends and other aspects 
concerning the dynamics and interactions within an aquatic ecosystem. Turbidity, river 
discharge and precipitation information will be used to understand the response of 
turbidity to different amounts of discharge and precipitation during high-flow storm 




Understanding mechanisms controlling the transport of solids from catchments 
is important for maintaining high water quality and the reduction of excessive soil 
erosion. Adequate knowledge of sediment transport phenomena has implications for 
river morphology, siltation of water reservoirs, transport of sediment-bound 
contaminants and soil erosion (Onderka et al., 2012). In naturally vegetated headwater 
catchments, suspended sediments are normally transported during flood events. The 
use of continuous turbidity measurements can be a useful tool to assist in efforts to 
investigate particle transport and sediment concentrations in rivers, lakes and other 
water bodies.  
The U.S. Geological Survey (USGS) in cooperation with the Clackamas River 
Water Providers (CRWP) operates a network of continuous water-quality monitors in 
the Clackamas Basin. These monitors measure properties of water including, water 
temperature, specific conductance, pH, dissolved oxygen, and turbidity. Continuous 
real-time data provide high-resolution information for water-quality parameters and a 
record of the physical changes in a waterbody over time. Information about instream 
processes at different times of day such as diurnal fluctuations in pH and dissolved 
oxygen related to algal growth, seasonal changes under various flow conditions and 
before/after catastrophic events such as landslides or floods. Physical properties of 
water, such as suspended sediments, can have substantial effects on water quality and 
aquatic habitat. Changes in these constituents may cause changes in other water-quality 




The two sites selected for this study represent two different flow regimes in the 
Clackamas River drainage basin. Carter Bridge, the upper reach is located downstream 
of a primarily forested landscape. , and Oregon City, the lower reach, is located 
downstream of a mixed land-use environment. These two sites were selected for two 
reasons: 
1.  Both stations as part of the USGS gauging stations have water-quality 
monitors, which provide discharge and water-quality data.  
2. The upper reach (Carter Bridge) and the lower reach (Oregon City) are of 
particular interest because they are nested. Consequently, any differences in 
hydrologic response to storm events can be attributed to contributions from 
downstream areas of the lower reach that are not included upstream of the 
monitoring stations on the upper reach (Sheeder et al., 2002).  
 
In order to understand the differences in turbidity measured at these two stations, we 
must consider the differences in their landscape characteristics, which have a 
considerable amount of influence on composition of particles entering the river and 





1.2 Research Questions – 
 
1. Are there any differences in the mean concentration of turbidity measured 
during high-flow storm events between less developed upstream (the Carter 
Bridge) and more developed downstream (Oregon City) water-quality 
monitoring stations on the Clackamas River? 
2. Are there any differences in the hysteresis index (HI) of turbidity between the 
two stations? What are the dominant hysteresis regimes in both stations by 
season? 
3. Of the following parameters: antecedent precipitation index (API), total 
precipitation and discharge; which one or combinations of these parameters are 
the major controls that determine the change in turbidity measured during 









There are statistically significant differences in turbidity measurements during 
storm events between the Carter Bridge and the Oregon City water-quality monitoring 
stations (Figure 2). 
I hypothesize that turbidity measured at each site during storm events between the two 
stations will be different. The Clackamas River at Carter Bridge site is the furthest 
upstream station and located in the predominantly forested upstream reach of the 
basin. The Clackamas River at Oregon City station is located in the lower reach of the 
basin (located at river kilometer 2.6), which is about 3% urban in comparison to only 
0.4% in the upper Clackamas Basin near the Carter Bridge site (USGS, StreamStats). This 
study will investigate the changing turbidity during storm events between a forested 
rural upland sub-watershed and a downstream urban sub-watershed.     
Hypothesis #2 
 
Seasonal hysteresis patterns, as measured by hysteresis index, are expected to 
be different between the two sites in wet and dry seasons. I hypothesize that hysteresis 
patterns will show more complex pattern in the downstream site than in the upstream 
site. Additionally, hysteresis patterns are expected to be less pronounced in the dry 




 Hypothesis #3- 
 
Are stream discharge (Q), total precipitation (Ptotal) amount,  antecedent 
precipitation indices  (API) of 3, 5, 7, 14 and 30 days, or combination of these variables 
the major control that determines the change of turbidity during storms measured at 
the two selected Clackamas River sites?  
I hypothesize that by using discharge, API, and Ptotal as independent variables in multiple 
linear regression analysis, it is possible to determine which variable (or combination of 
variables) correlates best with the change of turbidity measured at the two Clackamas 





2. Study Area 
Study Area 
 
Located in the Cascade Range of western Oregon, the Clackamas Basin covers 
approximately 2,440 km2 of forested, rural and urban land in northwestern Oregon 
(Figure 2). The Clackamas River originates on the western slopes of the Cascade 
Mountains between Mount Hood and Mount Jefferson and descends for approximately 
2,190-meters on a northwesterly course winding through prominent basalt outcrops 
and cliffs (Carpenter, 2003). The soils in the northern part of the basin are mainly silty 
and many of them have a brittle hardpan in the subsoil. The soils in the southwestern 
portion of the basin range widely in texture and drainage, but are mostly composed of 
silt loam and silty clay loam (Gerig, 1985). The upper portion of the Clackamas Basin’s 
geology and soils are primarily influenced by processes in the Cascade Mountains. In the 
upper portion of the basin towards the east soils are mainly well drained gravelly loam 
to very cobbly loam and have high content of volcanic ash, slopes are steep to very 
steep (Gerig, 1985). The mountains are composed of recently active volcanoes along the 
Cascade Crest to the east (i.e., The High Cascades), and older, inactive mountains to the 
west (i.e., the Western Cascades). The upper portion of the basin contains about equal 
portions of both of these geologic areas. The Western Cascades are steep and well-
eroded with shallow subsurface confining layers, while the High Cascades form a broad 




Chang, 2007).  The upper Clackamas Basin is mostly forested and contains virtually no 
development aside from its road network, hydropower facilities, and a few residences 
(Graves and Chang, 2007).  
The upstream forested areas of the basin have been affected by afforestation 
and deforestation (Taylor, 1999).  Timber harvests in the lower basin started in the early 
1800s. The lack of good roads above the Estacada area (Figure 2) and easy access to 
trees in the lower basin tied most activities to lower basin forests until the 1940s 
(Taylor, 1999).  Between 1950 and 1994 timber harvests occurred on more than 29 
percent of the upper Clackamas watershed (Taylor, 1999).  Forestry operations are often 
associated with increased erosion. Land drainage operations, the construction of access 
roads and felling operations involving soil compaction and disturbance all increase 





Figure 2. Map of Clackamas River Basin showing water-quality monitors, 
stream discharge gauging sites and precipitation stations 
 
The Clackamas River flows for 133 kilometers from the upper-forested reaches 
where it meanders through a series of tributary inputs, riffle areas and side channels 
(Figure 2). The approximately 76-kilometer longitudinal distance of the Upper 




part of the Federal Wild and Rivers System. Portland General Electric (PGE) operates 
three hydroelectric dams on the Clackamas River between river kilometers 75.3 and 
35.9.  
The Clackamas River from Carver (RK 12.9) to River Mill Dam near the Estacada 
gauging station (Figure 2) is a “recreational river area” under Oregon’s Scenic Waterway 
Program (Taylor, 1999).  The river also provides habitat for several migrating fish and 
other aquatic species. The Clackamas River supports many recreational activit ies, 
including fishing, rafting and kayaking, and it supplies drinking water for over 300,000 
residents (Clackamas River Water Providers, 2017). 
Downstream of Estacada, the Clackamas River widens into a lower-gradient, 
meandering system and is open to influences from agriculture and a growing urban 
population.  The lower basin contains a predominantly alluvial valley, where the river 
flows through a broad floodplain of coarse material, much of which is mined for rock 
and gravel (Metro, 1997). Steep cliffs constrain the floodplain, and much of the 
Christmas tree and commercial tree plantations, agriculture, and rural residential areas 
are located on plateaus and terraces well above the floodplain. Other agricultural crops 
grown in the Clackamas Basin are red raspberries, strawberries, grass seed, hay along 
with some pasture and grazing (Gerig, 1985). Soil is susceptible to compaction if grazing 
is permitted when the soils are wet (Gerig, 1985).  Compaction increases runoff and 




Human activities in the basin, including timber harvesting, construction of roads 
and urban developments, farming, gravel mining, and hydroelectric power generation 
also may affect water quality. The largest inputs of contaminants introduced by human 
development occur in the lower basin, particularly on the north side of the Clackamas 
River, where agriculture and urban land is concentrated. Water-quality problems, such 
as high levels of turbidity, also occasionally occur from soil erosion, particularly in the 
upper basin where topography and geologic instability, combined with abundant winter 





3. Data and Methods 
3.1 Data 
3.1.1 Turbidity Data 
To obtain a minimum of 30 storm events for analysis, real-time continuous 
turbidity data measured in water years 2006-2012 on the Clackamas River at Carter 
Bridge and at the Clackamas River at Oregon City sites were used for this research.  The 
location of the USGS water-quality monitoring (WQM) stations used for this study are 
listed below in Table 2 and shown in Figure 2. Mean, median and maximum daily values 
were computed from instantaneous data collected in 30-minute intervals by continuous 
water-quality monitors over the period of a day.    
Turbidity measurements in the Clackamas River were obtained using a Yellow 
Springs Instrument (YSI) 6026 turbidity sensor attached to a YSI multi-parameter sonde. 
The YSI 6026 sensor is a self-cleaning turbidity sensor with a wiper (the wiper is 
necessary to minimize sensor fouling) designed for long-term, in-situ continuous 
turbidity monitoring. The instrument measures turbidity with an optical sensor. Light 
from the near-infrared light-emitting diode (LED) enters the water-sample and light rays 
scatter off of water particles. The light, scattered at 90 degrees, enters a detector fiber 






Table 2. Latitude and Longitude coordinates of water quality (including 
turbidity), discharge monitoring stations and precipitation measuring stations  





















 45°22'46"    122°34'34" 
Three Lynx 
358466-4 
Precipitation 45°07' 122°04' 
Oregon City 
356334-2 
Precipitation 45°21' 122°36' 
 
The sensor uses a LED with a wavelength of 840 ±60 nanometers, and the detector is at 
an angle of 90 ±2.5 degrees to the incident light beam.  Turbidity measurements 
obtained with these specifications are measured in Formazin Nephelometric Units 
(FNU). Therefore, measurements of turbidity for this study will be reported in FNU. This 
method conforms to the International Standardization Organization (ISO) Method 7027 
of turbidity measurement (International Organization for Standardization, 1999). The 
strengths of ISO Method 7027 include the use of a near-monochromatic light source 
that is stable, low absorbance interference with samples, in low stray light (Sadar, 1999). 




accordance with established USGS protocols (Wagner et al., 2006). Water-quality data 
from 2006–2012 selected for this study were downloaded from the USGS Data Grapher 
webpage (http://or.water.usgs.gov/cgi-bin/grapher/graph_setup.pl). Summary and 
statistical information for turbidity data are listed in Appendix A.    
 
Figure 3. Schematic of how turbidity sensor operates 
 
3.1.2 Discharge Data 
Discharge monitoring stations in the Clackamas River above Three Lynx and 
Clackamas River at Oregon City were used for this study (Table 2 and Figure 2).  
Streamflow discharge at these stations are measured and logged continuously every 30-
minutes.  Mean daily values are calculated from the continuously logged readings. 
Streamflow discharge data are collected and reviewed in accordance with USGS 




Data from Clackamas above Three Lynx were used as a surrogate for discharge at 
the Clackamas at Carter Bridge site, because Carter Bridge does not have a gauging 
station. The two locations have similar basin characteristics (see Table 3).  The Three 
Lynx location provides suitable representation of discharge occurring downstream at 
Carter Bridge, which has a drainage basin area that is roughly 20% larger than Three 
Lynx. Table 3 shows a comparison of basin characteristics that demonstrate the 
landscape similarity between the two sites.  Summary and statistical information of 
discharge data are listed in Appendix A.  
Table 3. Comparison of basin characteristics between Clackamas above Three 
Lynx and Clackamas at Carter Bridge sites 






1,274 km2  1,538 km2  
Drainage Density 1.9 km2  1.9 km2 
Mean Basin 
Slope 
14.1 Degrees 15.5 Degrees 
Total Length of 
Mapped Streams 
in Basin 
932 km 1,106 km 
Mean Annual 
Precipitation 













km=kilometers, km2= square kilometers, cm=centimeters*Data obtained from U.S. 
Geological Survey, 2016, The StreamStats program (USGS, 2016), which incorporates 
National Land Cover Database data from NLCD 2011 
 
3.1.3 Precipitation Data  
Daily point station regional precipitation data were obtained from the National 
Climate Data Center (NCDC), Carbon Dioxide Information Analysis Center (CDIAC) and 
Oak Ridge National Laboratory, Oak Ridge, Tennessee website (Menne et Al., 2013). 
Precipitation data collected by the NCDC are part of the United States Historical 
Climatology Network (USHCN) and a subset of the U.S. Cooperative Observer Network 
operated by the National Oceanographic Atmospheric Administration (NOAA) and 
National Weather Service (NWS). Location of daily precipitation stations are shown in 
Figure 2. Data were downloaded from the NCDC website 
(http://www.usclimatedata.com/climate/portland/oregon/united-states/usor0275). 
Summary statistics and cumulative water-year data for precipitation totals at these 
stations are listed in Appendix B.  
 
3.1.4 Clackamas Basin Land Cover Data 
 
Land cover upstream of Clackamas Basin at Carter Bridge (Figure 2) encompasses 
roughly 1,540 km2 (about 63%) of the Clackamas River Basin. The Oregon City reach 




agricultural lands and densely-populated areas, land cover classifications for the basin 
are listed in Table 3.  
Table 4. Land Cover Information for Carter Bridge and Oregon City Watersheds 






1,538 km2 2,437 km2 
Drainage 
Density 
1.9 km/km2 1.9 km/km2 
Mean Basin 
Slope 
15.5 Degrees 4.21 Degrees 




1,106 km 1,803 km 
Mean Annual 
Precipitation 




















km=kilometers, km2= square kilometers, cm=centimeters 
*Data obtained from U.S. Geological Survey, 2016, The StreamStats program (USGS, 








3.1 Wet Season and Dry Season Period Delineation 
 
 To account for seasonal variability, stream flow data collected were separated 
by dividing the water year (from October 1 to September 30) into two separate 6-month 
periods; the “wet season” (October-March) and the “dry season” (April-September).  
This is a typical division of seasons in marine west-coast climates (Cannon and Whitfield, 
2001). A hyetograph of mean monthly precipitation totals measured at the Clackamas 
above Three Lynx precipitation station for the period of study are shown in Figure 3.  
Monthly totals were used to determine storm categorization as occurring in the wet or 
dry season. 
The Köppen Climate Classification System, the most widely-used system for 
classifying the world's climates, describes the climate in the Pacific Northwest as a 
Mediterranean climate. Its categories are based on the annual and monthly averages of 
temperature and precipitation. Mediterranean climates receive rain primarily during the 
winter season from mid-latitude cyclones. Extreme summer aridity is caused by the 
sinking air of the subtropical highs and may exist for up to 5 months (Pidwirny, 2006).   
Weather patterns in Northwest Oregon, west of the Cascades, are characterized 
by a mild climate, with moderate but near-continuous winter rainfall, dry summers, 




Normal winter temperature lows are often in the 20s Fahrenheit (around -6 to -7 
degrees Celsius), but average in the mid 30s Fahrenheit (around 0 degrees Celsius).  
Mean monthly rainfall amounts measured at Clackamas above Three Lynx, 
Oregon Precipitation Station from water years 2006-2012 (Figure 3) are provided as 
evidence to support the decision of the months selected to delineate the Wet Season 
and Dry Season; the monthly totals are also tabled in Appendix B.   
Appendix C lists the summary and statistical information of wet and dry season turbidity 
and discharge data.   
 
Figure 4. Hyetograph showing monthly average rainfall amount and 
standard deviation for water years 2006-2012 measured at Clackamas above Three 
Lynx, Oregon Precipitation Station, (Data from National Climate Data Center (NCDC), 
Carbon Dioxide Information Analysis Center (CDIAC) and Oak Ridge National 



































3.2.2 Storm Selection and Identification 
 
A total of 41 storm events occurring in water years 2006 to 2012 were selected for 
analysis. Of these 41 events, 33 occurred during the wet season (October – March) and 
eight occurred during the dry season (April – September).  Storms were selected using 
the following criteria (Figure 5): 
 
1. A period of baseflow preceding the rising limb of the hydrograph 
2. An recognizable peak discharge in the storm hydrograph 
3. A return to baseflow condition following the storm event 
Baseflow separation techniques using the U.S. Geological Survey PART program 
(Rutledge, 1993), were used to determine periods of baseflow preceding and 
following each selected storm event. The program PART uses streamflow partitioning 
to estimate a daily record of base flow under the streamflow record. The method 
designates baseflow to be equal to streamflow on days that fit a requirement of 
antecedent recession, linearly interpolates base flow for other days, and is applied to 
a long period of record to obtain an estimate of the mean rate of ground-water 
discharge (Ruthledge, 1993).  PART was compared to six other baseflow separation 
techniques using data from 65 North American catchments (Eckhardt, 2008).  Mean 
baseflow indices (BFI) ranged from 0.49 to 0.70 (PART BFI= 0.69), correlation between 




deviations (SD) ranged from 0.10 to 0.18, with SD for PART being 0.18 (Eckhardt, 
2008).  A fundamental problem is that the true BFI are unknown, but for purposes of 
this study PART is a suitable method for determining periods of baseflow before and 
after storm events in the Clackamas Basin.  
 
 
Figure 5. An example of a storm hydrograph and turbidity at Carter Bridge 
and Oregon City showing baseflow preceding and following a storm 
event.  
 
Storms are identified by the water year (WY) and sequentially in the order that 
they occur during the WY. For example, the first storm in WY 2006 is named “2006.1” 

























































of each event for Carter Bridge and Oregon City are listed in Appendix D. Figure 6 is an 
example of a storm event hydrograph occurring in late January to early-February 2012, 
showing discharge and turbidity measured at both the Carter Bridge and Oregon City 
sites.  
 
Figure 6. Example of “Wet Season Storm 2012.4” storm events 
hydrograph and turbidity graphs. FNU=Formazin Nephelometric Units, 
CMS=cubic meters per second  
 
 





















































A hysteresis index (HI) was used to quantify the magnitude and direction of the 
hysteretic effect present in the discharge and turbidity relationship. The HI compares 
the turbidity values measured at the midpoint of discharge of the rising and falling limbs 
of the storm event hydrograph (Lawler et al., 2006). The HI assigns a positive direction 
for clockwise hysteresis (C), when turbidity is higher at the midpoint on the rising limb of 
the storm hydrograph than on the falling (recession) limb at the same discharge and 
assigns a negative value for counterclockwise (CC) hysteresis when the opposite is true. 
When no hysteresis is present, HI is given a zero value. HI standardizes a specific 
discharge at the midpoint of the storm hydrograph on the rising and falling limbs and 
expresses the magnitude and direction of the hysteresis symmetrically in a single 
number. The HI index is also used to assess whether or not seasonal differences exist 
between the storm responses at the two stations. The midpoint of discharge was 
calculated using the following equation: 
Qmid= k(Qmax – Qmin) + Qmin                                                      (1) 
where Qmid  is the discharge at the midpoint between Qmax , the peak discharge during 
the event, and Qmin , the discharge prior to the rise in the hydrograph preceding the 
event. The k value (0.5) represents the position at which the hysteresis loop is assessed 
in relation to discharge during the event. Figure 6 depicts a representation of the points 
on a storm hydrograph and turbidity graph that are used to calculate HI. Turbidity values 
measured at these specific discharges were used to calculate the HI. The two turbidity 




value associated with Qmid on the falling limb of the hydrograph are  interpolated and 
HImid calculated as: 
 For clockwise hysteresis (Figure 7) where: 
  TURL > TU FL, HImid = (TURL/ TU FL) -1      (2) 
For counterclockwise hysteresis where: 
TURL < TU FL, HImid = (-1 / TURL / TU FL)) +1     (3) 
 
this method was utilized to investigate turbidity dynamics in an urban stream in the 










































Hysteresis Index (HI) Calculation 







Figure 7. Example diagram using data from storm event at Oregon City 
occurring from 3/38/2010 to 4/2/2010 (event # 2010.4), showing points 
on hydrograph where concurrent turbidity values measured at specific 
discharges points during an event were used to calculate a hysteresis 
index (HI). Qmin =the discharge prior to the rise in the hydrograph 
preceding the event; Qmid = the discharge at the midpoint between , 
Qmin and  Qmax = the peak discharge during the event; FNU=Formazin 




Figure 8. Schematic diagram depicting clockwise hysteresis using 
equations 1 and 2.  TURL  =Turbidity on the rising limb of the 
hydrograph,  TU FL = Turbidity on the falling limb of the hydrograph 
Qmin =the discharge prior to the rise in the hydrograph preceding the 
event, Qmid =the discharge at the midpoint between , Qmin= prior to 
the beginning of the rise in the hydrograph,  Qmax=the peak discharge 
during the event   
 
3.2.4 Antecedent Hydro-meteorological Conditions 
Precipitation amount and soil moisture are important controlling factors for 
storm runoff amounts (Sun et al., 2002).   The antecedent precipitation index (API) was 
used to account for a composite measure of water storage in the basin including  




depression storage, surface water conditions and also as a way to gage soil moisture 
conditions prior to a rainfall runoff event. Several researchers have used API as a 
variable in rainfall runoff models and other studies as a method to describe soil 
moisture conditions (Fedora and Beschta, 1989, Ali et. al, 2010, Onderka et.al, 2012).  
API was calculated for 3, 5, 7, 14, and 30 days as: 
APIn = ∑ 𝑃𝑖
𝑛
𝑖                                                                                                (4) 
Where n is the number of days for which API is calculated starting from the day of an 
event and Pi in millimeters per day is the total precipitation on the i th day before the 
event.  These API indices were selected in effort to test a range of API values to 
represent soil moisture conditions for use in the multiple linear regression analysis.  
 
3.2.5 GIS Land Cover Data Analysis along River Channel 
 
GIS analysis was used to identify land cover type within a 100 and 200-meters of 
the main Clackamas River channel.  This was done to categorize the land use of the 
riparian zone near the Carter Bridge and Oregon City water quality monitoring stations. 
Land cover classification data near the riparian zone will provide additional information 
that could further explain differences in turbidity due to runoff during storms between 
the two stations. The 2011 National Land Cover Database (NLCD) was used for this 
analysis.  The NLCD provides spatial reference and descriptive data for characteristics of 




The following methods were used calculate land cover near the main stem 
Clackamas River to create 100 and 200-meter buffers of the Clackamas River: 
1. The USGS StreamStats basin delineation tool was used to create shape files 
of the watersheds upstream of each site.   
2. A 2011 NLCD Land Cover of the State of Oregon that also contained National 
Hydrologic Dataset (NHD) Layer the was obtained from USGS data base 
3. The “Clip” tool in Arc GIS (version 10.4.1) was used to “Clip” the shape files 
delineating the Clackamas Basin 
4. The Clackamas River was selected from the Attribute Table and 100 and 200 
meter buffers were created using the “Buffer” tool  
5. The “Tabulate Area” function was then used to calculate land cover types 
within each of the buffers 
6. “dbf” files created where then opened in Excel to tabulate the calculated 
land cover areas.  
 
Land cover type within the selected buffer distances were calculated to 




3.2.6 Statistical Analysis 
Paired t-test 
A paired t-test comparing HI values between storm events at the Carter Bridge 
and Oregon City sites was performed using the  R statistical software (version 3.0.2).   
The paired t-test was used to test the null hypothesis Ho,  and the alternative  
hypothesis Ha: 
 (Ho): Calculated hysteresis index during selected storm events is the same at both sites.  
(Ha): Calculated hysteresis index during selected storm events are not the same at both 
sites  
Calculated hysteresis indexes during each storm event analyzed for this study were compared.  
The null hypothesis (H0) was rejected if the p-value from the paired t-test was less  
than or equal to 0.05. Test statistics and results for each comparison are listed in  
Appendix D.  
 
3.2.7 Shapiro-Wilk Test 
 
The Shapiro-Wilk test was performed on turbidity and discharge values used for 
multiple linear regression analysis. Transformations such as logarithms are used to 
better meet the assumptions of parametric analysis (normality, linearity, and constant 




and extreme data points.  Shapiro Wilk test values for turbidity and log transformed 
turbidity are listed in Appendix F.  Transformed and untransformed turbidity values 
were compared and log transformed turbidity values were used for model 
development. Log transformed values better met the conditions for normality tests.   
3.2.8 Regression analysis 
 
Multiple linear regression (MLR) was used to determine which explanatory 
variables or combination of variables best correlate with turbidity during storm events. 
Variable selection was performed using backward stepwise selection. Backward 
stepwise linear regression in R (version 3.0.2) was used to select the best model to 
determine which independent variable or group of variables best explain turbidity 
response during storm events.  Linear regression models were developed that related 
the change in turbidity during storm events to measurable physical conditions and 
meteorological parameters.  When evaluating the importance of a set of independent 
variables for prediction of a dependent variable, a stepwise technique is important in 
exploring behavior in a process-response model. Any attempt to develop a model of this 
form is limited by implicit assumptions of data normality, problems of multi-collinearity 
amongst the independent variables and serial correlation in the residuals (Foster, 1978). 
Independent variables used for developing the models are listed below in Table 5, and 
data table matrices used for Carter Bridge and Oregon City multiple linear regression 




Model selection was performed in R which uses Akaike Information Criteria (AIC) as a 
best-fit measure for model selection.  The following hydrological and meteorological 
variables were used as independent variables: 
1. Change in stream flow (∆Q) 
2. 3, 5, 7, 14, 30-day antecedent precipitation index (API#)  






Table 5. Independent variables used for model development 
Parameter Symbol Unit of Measure 
Change in Discharge (∆Q) cubic meters per second (m3/sec) 
Total Precipitation P mm (total) 
3-Day antecedent 
precipitation 
API3 mm (total) 
5-Day antecedent 
precipitation 
API5 mm (total) 
7-Day antecedent 
precipitation 
API7 mm (total) 
14-Day antecedent 
precipitation 
API14 mm (total) 
30-Day antecedent 
precipitation 
API30 mm (total) 
The combination of variables (or variable) that provides the “best fit” in the regression 
analysis will be considered the major hydrological and meteorological control best 
determines turbidity during storm events.  
3.2.9 Model Diagnostics 
 
A number of graphical and statistical tools were used to examine the results of 
regression models. Leverage is a measure of an "outlier" in the x direction. It is a 
function of the distance from the ith x value to the middle (mean) of the x values used in 
the regression (Helsel, 2002). The Durbin Watson and Bruessch-Godfrey tests were 




regression analysis, variance may be biased because of dependence of the error 
residuals as a result of serial autocorrelation (Helsel and Hirsch, 2002). Serial 
autocorrelation is correlation between a data point and its adjacent points in a time 
series (Helsel and Hirsch, 2002).  
Another model diagnostic tool is Cook’s distance. Cook's distance measures the 
effect of a particular data point. Points with a large Cook's distance should be examined 
closely and considered for deletion.  When cases are outside of the Cook’s distance they 
are influential to the regression results. The regression results are altered if we exclude 
those cases.  The Durbin Watson and Bruesch-Godfrey tests were performed on the 





4.1 Summary of Turbidity Data 
 
In water years (WY) 2006-2012 the mean daily turbidity at Carter Bridge was 5.1 
FNU, and the mean daily turbidity at Oregon City was 4.5 FNU with a standard deviation 
of 18.5 and 14.2, respectively. Median turbidity at Carter Bridge and Oregon City was 
1.5 FNU and 1.4 FNU, respectively with an inter-quartile range of 2.7 FNU at both sites. 
Minimum daily turbidity during the study period was 0 FNU at both sites, and the 
maximum daily turbidity during the study period at both sites was 340 FNU. Figure 8 
illustrates the range of log turbidity values at Carter Bridge and Oregon City during 
water years 2006-2012. Turbidity values were log transformed for improved visual 
comparison. Summary statistics of turbidity values during the study period are in 





Figure 9. Boxplot Comparison of Mean Daily Log Turbidity at Carter Bridge 
and Oregon City for Study Period  (n =41) 
 
 
In water years (WY) 2006-2012 the mean daily turbidity at Carter Bridge and 
Oregon City during the “Wet Season” was 8.2 FNU and the mean daily turbidity at 
Oregon City was 7.3 FNU, with a standard deviation of 22.6 and 19.5 respectively. 
Median turbidity at Carter Bridge and Oregon City was 2.2 FNU and 2.4 FNU, 
respectively with an inter-quartile range of 4.0 FNU at Carter Bridge and 5.0 at Oregon 
City. Minimum daily “Wet Season” turbidity during the study period was 0.0 FNU at both 
sites. The maximum daily turbidity during the “Wet Season” was 340 FNU at both sites. 
Figure 9 is a boxplot comparing turbidity at both sites during the “Wet Season” of water 




statistics of turbidity “Wet and Dry Season” turbidity during the study period are shown 
in Appendix C. 
 
Figure 10. Boxplots showing log transformed mean daily turbidity 
measured at Carter Bridge and Oregon City during the Wet and Dry 
Season in water years 2006-2012      
 
In water years WY 2006-2012 the mean daily turbidity during the “Dry Season” 
at Carter Bridge was 2.0 FNU and at Oregon City it was 1.6 FNU with a standard 
deviation of 3.1 and 2.1, respectively. Median turbidity at both sites was 0.9 FNU, with 
an inter-quartile range of 1.7 at Carter Bridge and 1.1 at Oregon City. Minimum daily 
turbidity during the study period was 0.0 FNU at both sites. The maximum daily turbidity 




10 illustrates an intrasite comparison of log transformed “Wet and Dry Season” turbidity 
at Carter Bridge and Oregon City during WY 2006-2012. Turbidity values were log 
transformed to aide comparison. Summary statistics of turbidity “Wet and Dry Season” 
turbidity during the study period are in shown in Appendix C. 
 
Figure 11.  Intrasite comparison of Turbidity in Wet and Dry Seasons from 
2006-2012 at Carter Bridge and Oregon City  
 
Turbidity values measured during the “Wet Season” were higher than those 






4.2 Hysteresis Index by season and site  
The Carter Bridge site exhibited clockwise (C) hysteresis index (HI) in 38 of the 41 
storm events (92.6% of the time) and counter clockwise (CC) HI value in 3 events. The 
mean HI value for all storms at Carter Bridge was 1.86; the median HI value was 1.43 
with a standard deviation of 2.25.  HI values ranged from -2.25 to 9.00. The lowest HI 
value occurred during storm 2006.8 from March 7, 2006 to March 12, 2009.  The highest 
HI value occurred during storm 2006.7 from February 27, 2006 to March 5, 2006.         
The Oregon City site exhibited clockwise hysteresis in 29 of the 41 storms (73.1% 
of the time); counter clockwise in 11 and one storm’s calculated HI was “0”. The mean 
HI value for all storms at Oregon City was 0.96; the median HI value was 0.39 with a 
standard deviation of 1.95.  HI values ranged from -2.04 to 8.06.  The lowest HI value 
occurred during storm 2009.5 from May 4, 2009 to May 22, 2009.  The highest HI value 
occurred during storm 2007.1 from October 31, 2006 to November 12, 2006.  
HI values for the Carter Bridge and Oregon City and the data used to compute the values 
are shown in Appendix E.  
 
The Carter Bridge site (n=41) had a mean HI of “1.86” and a standard deviation (SD) 
of “2.25”.  By comparison Oregon City (n=41) had a numerically smaller mean HI value of 
“0.96” (almost half) and a SD of “1.95”. To test the hypothesis that HI values calculated 
for storms at Carter Bridge and Oregon City were associated with statistically significant 




assumption of equal variance was tested and satisfied via a Levene’s F test, df (39) = 
1.17, p-value = 0.632, results are shown in Table 6. The two-sided t-test was associated 
with a statistically significant effect, df (39) = 1.81, p = 0.078. Thus Carter Bridge HI 
values were associated with a statistically significant larger HI than Oregon City.  Box 
and whisker plots of calculated HI values are shown in Figure 11. 
 






















41 39 1.86 2.25 2.05 
Oregon City 41 39 0.96 1.95 2.19 
 
Table 7. Results of Two-sided t-Test and  










1.81 39 0.078 
Levene’s F-
Test 






Figure 12. Boxplot of Calculated HI Values from Clackamas River at Carter 
Bridge and Clackamas at Oregon City (n = 41) 
 
Land Cover Characterization within 100 and 200 Meter Buffer Zones of 
Clackamas River 
 
The majority of land cover within both the 100 and 200-meter buffers for both 
sites was forest land (combined deciduous, evergreen and mixed) and shrub-scrub 
types, with Carter Bridge having slightly over 85% and Oregon City having 59.3% 
forested land cover in the 100-meter buffer.  Carter Bridge is classified as 85% forest 
and shrub-scrub land cover and Oregon City classified as having 65.9% within the 200-




The Carter Bridge site has about 0.3% developed land of (combined low, medium 
and high) and Oregon City has about 2.7% developed land in the 100-meter buffer, 
which is roughly an order of magnitude greater by comparison.  The Carter Bridge site 
has slightly over 0.2 % developed land (combined low, medium and high) and Oregon 
City has about 4.0% developed land in the 200-meter buffer, which is about double an 
order of magnitude distinction by comparison.  The Carter Bridge buffers have no 
agricultural or wetland land cover, however and Oregon City has about 1.5% agricultural 
and 7.6% wetland land cover within the 100-meter buffer zone and 3.0% agricultural 
and 5.9% wetland land cover within the 200-meter buffer.  Numerically the differences 
in land cover within the 100 and 200-meter buffers for developed, agricultural land and 
wetland may not appear to be very substantial; however this difference represents a 
potential contrast in sediment and particulate matter available to be entrained into the 
river channel during storm events.  Table 4 lists  land cover classification percentages 












Table 8.  Percentage of Land Cover Classifications within 100-meter and 200-
meter Buffer Regions of the Clackamas River at Carter Bridge and Oregon City 















































4.3 Relation between discharge and turbidity 
The best model results for Carter Bridge and Oregon City storm events were as 
follows: 
Carter Bridge: Log ∆Turb =  -2.75 + 1.24 * Log ∆Q    (3) 
Oregon City:  Log ∆Turb =     -2.19 + 0.96 * Log ∆Q   (4) 
The best model results for Carter Bridge and Oregon City Wet Season storm events were 
as follows: 
Carter Bridge: Log ∆Turb =  -3.32 + 1.37 * Log ∆Q    (5) 
Oregon City:  Log ∆Turb =     --1.96 + 0.95 * Log ∆Q   (6) 
 
The best model results for Carter Bridge and Oregon City Dry Season storm events were 
as follows: 
Carter Bridge: Log ∆Turb =  -0.57 + 0.75 * Log ∆Q    (7) 
Oregon City:  Log ∆Turb =     -4.70 + 1.25 * Log ∆Q +0.03*API3   (8) 
Where  Log ∆Tb= Ln of the change in turbidity during the storm event,  Log ∆Q= Ln of 






Figure 13. Scatter plots of linear fit of Log ∆Tb as a function of Log ∆Q at 
Clackamas at Carter Bridge and Oregon City, Log ∆Turb=Natural Log (Ln) 
of change in turbidity from initial increase to peak value during storm 
event, ∆Q=Natural Log (Ln) of change in discharge from initial increase 
to peak value during storm event, “D” denotes dry season storm event 
All variables from Table 5 were used for the stepwise regression models and “Log ∆Q” 






Table 9.  
Data used for Carter Bridge Multiple Linear Regression Analysis- 
 
Event-storm identification, Tb initial-turbidity at beginning of event in formazin 
nephelometric units (FNU), TbMax-Peak turbidity during event in formazin nephelometric 
units (FNU) , deltaTb-change in turbidity from initial to peak in formazin nephelometric 
units (FNU),  , LogDTb-log of deltaT [ln(cubic meters per second)], Qinitial- discharge at 
beginning of event [ln(cubic meters per second)], Qmax-discharge  Peak turbidity during 
Event Dates Tbinitial TbMax deltaT LogDTb Qinitial Qmax DeltaQ LogDQ PrecipitationTotal
2006.1 11/10-11/24 1.8 8.9 7.1 1.96 38.8 85.8 44.7 3.80 48.3
2006.2 12/18-12/26 0.8 81.0 80.2 4.38 41.1 354.0 328.7 5.79 113.3
2006.3 12/29-1/6 45.0 160.0 115.0 4.74 224.3 560.7 376.1 5.93 188.0
2006.4 1/28-2/11 17.0 45.0 28.0 3.33 91.2 219.7 145.6 4.98 181.6
2006.5 2/27-3/5 3.2 13.0 9.8 2.28 48.1 62.6 16.7 2.82 35.3
2006.6 3/7-3/12 2.6 2.7 0.1 -2.30 51.0 57.8 8.2 2.11 61.0
2006.7 4/2 -4/30 1.9 12.0 10.1 2.31 49.8 103.6 51.5 3.94 119.4
2007.1 10/31 - 11/12 0.6 330.0 329.4 5.80 20.6 515.4 494.9 6.20 315.2
2007.2 12/8-12/22 2.1 130.0 127.9 4.85 53.0 356.8 293.1 5.68 186.2
2007.3 12/22-1/7 4.9 68.0 63.1 4.14 86.4 253.2 169.1 5.13 241.8
2007.4 3/24-4/1 2.0 8.1 6.1 1.81 69.9 122.9 53.2 3.97 60.2
2008.1 10/15-10/26 0.2 20.0 19.8 2.99 19.4 113.3 94.0 4.54 104.9
2008.2 11/15- 11/26 1.0 16.0 15.0 2.71 38.5 186.0 87.5 4.47 101.6
2008.3 12/1-12/16 0.9 120.0 119.1 4.78 34.0 501.2 466.1 6.14 162.1
2008.4 5/14-5/28 5.8 36.0 30.2 3.41 113.3 283.2 191.4 5.25 82.5
2009.1 10/27-11/5 0.5 3.8 3.3 1.19 22.5 40.8 18.2 2.90 64.5
2009.2 11/5-11/18 1.6 52.0 50.4 3.92 33.7 288.8 252.0 5.53 142.5
2009.3 12/23-1/20 0.8 150.0 149.2 5.01 29.2 194.3 167.9 5.12 326.7
2009.4 2/21-3/17 0.6 13.0 12.4 2.52 28.9 122.3 90.6 4.51 256.0
2009.5 5/4-5/31 3.4 31.0 27.6 3.32 96.8 258.0 169.9 5.14 137.9
2010.1 11/5 - 11/16 0.7 5.6 4.9 1.59 26.8 69.4 43.3 3.77 152.4
2010.2 12/9 - 12/30 0.6 17.0 16.4 2.80 25.5 145.3 119.1 4.78 182.6
2010.3 1/4 -1/15 3.4 14.0 10.6 2.36 84.1 192.8 110.7 4.71 80.5
2010.4 3/28- 4/5 2.6 59.0 56.4 4.03 56.1 303.0 247.5 5.51 148.1
2010.5 6/1 -6/22 1.8 21.0 19.2 2.95 52.4 216.6 164.5 5.10 164.6
2010.6 9/14-10/2 0.7 4.4 3.7 1.31 21.1 30.0 8.4 2.13 76.7
2011.1 10/20-10/30 0.7 10.0 9.3 2.23 18.3 55.2 32.9 3.49 108.2
2011.2 11/13-11/26 2.5 16.0 13.5 2.60 38.8 122.3 84.1 4.43 145.8
2011.3 11/26-12/7 2.4 14.0 11.6 2.45 39.6 111.0 62.0 4.13 88.9
2011.4 12/7-12/25 1.4 66.0 64.6 4.17 42.2 305.8 265.6 5.58 255.8
2011.5 12/25-1/7 3.9 17.0 13.1 2.57 51.0 121.2 70.5 4.26 91.7
2011.6 1/11-2/2 1.2 360.0 358.8 5.88 38.8 775.9 736.0 6.60 191.3
2011.7 4/14-4/24 6.8 22.0 15.2 2.72 68.8 151.8 77.6 4.35 67.8
2012.2 11/21-12/26 3.2 37.0 33.8 3.52 33.7 156.6 125.7 4.83 119.1
2012.3 12/27-1/16 1.2 120.0 118.8 4.78 23.5 481.4 458.7 6.13 229.9
2012.4 1/17-2/10 1.0 160.0 159.0 5.07 34.3 518.2 493.3 6.20 416.6
2012.5 2/17-3/3 1.3 16.0 14.7 2.69 59.2 187.5 130.5 4.87 175.0
2012.6 3/9-3/27 2.1 64.0 61.9 4.13 61.7 387.9 327.3 5.79 238.5
2012.7 3/29-4/10 15.0 110.0 95.0 4.55 101.7 512.5 430.4 6.06 134.9




event[ln(cubic meters per second)] , DeltaQ-change in discharge from initial to 
peak[ln(cubic meters per second)] , LogDQ-log of DeltaQ[ln(cubic meters per second)] , 
PrecipitationTotal-total precipitation during event(millimeters)) 
 
Table 10. Data used for Oregon City Multiple Linear Regression Analysis 
 
Event-storm identification, Tb initial-turbidity at beginning of event, TbMax-Peak turbidity 
during event, deltaTb-change in turbidity from initial to peak, LogDTb-log of deltaT, 
Qinitial- discharge at beginning of event, Qmax-discharge  Peak turbidity during event, 
DeltaQ-change in discharge from initial to peak, LogDQ-log of DeltaQ, PrecipitationTotal-
total precipitation during event 
Event Dates Tbinitial Tbmax DeltaTb LogDTb Qinitial Qmax deltaQ LogDQ PrecipitationTotal
2006.1 11/10-11/24 1.8 7.1 5.3 1.67 69.4 186.9 117.5 4.77 38.1
2006.2 12/18-12/26 0.5 53.0 52.5 3.96 34.8 186.3 151.5 5.02 121.4
2006.3 12/29-1/6 39.0 190.0 151.0 5.02 461.6 1305.4 843.8 6.74 5.1
2006.4 1/27-2/11 8.1 30.0 21.9 3.09 136.8 218.3 81.6 4.40 13.5
2006.5 2/27-3/5 1.8 13.0 11.2 2.42 69.1 142.2 73.1 4.29 7.6
2006.6 3/7-3/12 2.9 8.6 5.7 1.74 83.3 113.8 30.6 3.42 56.1
2006.7 4/2-4/30 1.8 11.0 9.2 2.22 87.5 211.8 124.3 4.82 70.4
2007.1 10/31 - 11/12 0.9 150.0 149.1 5.00 25.8 211.8 186.0 5.23 187.0
2007.2 12/8-12/22 0.5 100.0 99.5 4.60 85.2 557.8 472.6 6.16 15.0
2007.3 12/22-1/7 6.4 80.0 73.6 4.30 151.5 219.5 68.0 4.22 32.8
2007.4 3/24-4/1 1.4 18.0 16.6 2.81 111.6 286.0 174.4 5.16 15.7
2008.1 10/15-10/26 0.5 13.0 12.5 2.53 30.3 162.3 132.0 4.88 105.4
2008.2 11/15- 11/26 0.7 14.0 13.3 2.59 54.7 288.8 234.2 5.46 108.7
2008.3 12/1-12/16 2.8 98.0 95.2 4.56 72.2 841.0 768.8 6.64 100.8
2008.4 5/14-5/28 0.6 16.0 15.4 2.73 158.9 436.1 277.2 5.62 49.0
2009.1 10/27-11/5 0.4 6.6 6.2 1.82 26.5 80.1 53.7 3.98 63.0
2009.2 11/5-11/18 2.7 23.0 20.3 3.01 58.1 688.1 630.0 6.45 117.9
2009.3 12/23-1/20 0.9 340.0 339.1 5.83 43.3 464.4 421.1 6.04 193.3
2009.4 2/21-3/17 0.5 11.0 10.5 2.35 47.6 252.3 204.7 5.32 144.5
2009.5 5/4-5/31 2.3 17.0 14.7 2.69 153.8 436.1 282.3 5.64 17.5
2010.1 11/5 - 11/16 1.0 11.0 10.0 2.30 39.1 152.6 113.5 4.73 97.3
2010.2 12/9 - 12/30 0.7 14.0 13.3 2.59 36.5 245.2 208.7 5.34 112.0
2010.3 1/4 -1/15 4.2 11.0 6.8 1.92 148.4 365.3 216.9 5.38 60.9
2010.4 3/28- 4/5 2.0 30.0 28.0 3.33 91.8 549.3 457.6 6.13 110.5
2010.5 6/1 -6/22 2.3 15.0 12.7 2.54 116.4 438.9 322.5 5.78 94.5
2010.6 9/14-10/2 0.6 2.7 2.1 0.74 24.5 54.7 30.2 3.41 65.3
2011.1 10/20-10/30 0.4 3.1 2.7 0.99 23.1 99.4 76.3 4.33 77.5
2011.2 11/13-11/26 1.6 30.0 28.4 3.35 75.9 280.9 205.0 5.32 92.5
2011.3 11/26-12/7 2.0 12.0 10.0 2.30 76.5 294.5 218.0 5.38 53.9
2011.4 12/7-12/25 2.1 45.0 42.9 3.76 90.3 753.2 662.9 6.50 177.0
2011.5 12/25-1/7 2.1 21.0 18.9 2.94 88.6 390.8 302.1 5.71 100.6
2011.6 1/11-2/2 1.5 200.0 198.5 5.29 74.2 1557.4 1483.2 7.30 134.6
2011.7 4/14-4/24 4.5 13.0 8.5 2.14 137.3 351.1 213.8 5.37 55.9
2012.1 11/10-11/21 0.6 4.7 4.1 1.41 27.8 138.8 110.9 4.71 104.9
2012.2 11/21-12/26 3.6 16.0 12.4 2.52 55.5 228.8 173.3 5.16 116.1
2012.3 12/27-1/16 0.3 150.0 149.7 5.01 35.1 906.1 871.0 6.77 131.6
2012.4 1/17-2/10 1.9 140.0 138.1 4.93 68.8 1226.1 1157.3 7.05 216.7
2012.5 2/17-3/3 1.8 8.3 6.5 1.87 106.8 373.8 267.0 5.59 82.1
2012.6 3/9-3/27 1.9 59.0 57.1 4.04 119.5 727.7 608.2 6.41 171.2
2012.7 3/29-4/10 4.8 76.0 71.2 4.27 161.4 909.0 747.6 6.62 102.1




Linear models for Carter Bridge and Oregon City have R2 values of “0.81” and “0.48”, 
respectively.  This illustrates that the log value of the change in discharge explains 
approximately 81% of the change in turbidity at Carter Bridge and approximately 48% of 
the change in turbidity at Oregon City.   
Table 11. Change in Turbidity Model Summary  
Site Estimate Standard 
Error 
























0.7470 0.1313 5.688 0.001274 0.84 0.82 32.36 
Oregon 
City  all 
Storms 
(n=41) 
























4.6  Model Diagnostics for both sites 
 
Diagnostic plots of linear regressions for Wet Season and Dry Season storms at 
Carter Bridge are shown in Figures 13 a-b and diagnostic plots of linear regressions for 
Wet Season and Dry Season storms at Oregon City are shown in Figures 14 a-b. 
Diagnostic plots of linear regressions for all storms at Carter Bridge and Oregon City are 
shown in Figures 15 a-b, respectively.    These diagnostic plots are useful checks to 
determine if the multiple linear regression model is adequately representative of the 
data.  There are four different plots for each model 
The Residuals vs. Fitted plots for both sites in show a random pattern above and 
below the horizontal line at the midpoint in each case 
 The normal quantile-quantile plots for all models appear to demonstrate a 
normal distribution for all models. The quantile-quantile plots for Oregon City shows 
strong visual evidence of being normally distributed.  Shapiro-Wilk (SW) tests for 






Figure 14. a-Diagnostic plots of Carter Bridge Wet Season model, b-




Figure 15. Diagnostic plots of Oregon City Wet Season model, b-Diagnostic 







Figure 16. a-Diagnostic plots of Carter Bridge all Storms model, b-
Diagnostic plots of Oregon City all Storms model 
 
       .  
The Residuals  versus Leverage is used to look for any influential data points that 
can have a visible effect on the model. Within this plot we are looking for outlying 
values in the upper right or lower right corners. These outlying values represent data 
points which can be influential against a regression line. We are also looking for cases 
outside of a dashed line. The Carter Bridge plot (figure 15a)has two data points outside, 
but were not deleted …in order to show distribution entire distribution of data points 
and the Oregon City plot 20d had no values outside of Cooks distance.   
 Results from covariance tests (Table 11) indicate that there is no strong evidence 
of serial autocorrelation in the residuals from either of the Carter Bridge and Oregon 











Table 12. Results of Covariance Tests 
Site Breusch-
Godfrey 





1.5407 0.4629 2.3326 0.8474 
Oregon City 
Final Model 






4.3 Turbidity Change During Storm Events  
Box and whisker plots the minimum turbidity prior to a storm event, peak 
turbidity during the storm and change in turbidity from the minimum to the peak during 
the event are shown in Figure 16. In the majority of the comparisons the turbidity 
readings between the two sites appear to be somewhat similar when comparing the 
seasonal storm events.  
 
 
Figure 17. Boxplots of (a) minimum, (b) peak, and (c) change in turbidity 












 Based on the method of calculating a hysteresis index (HI) at the midpoint of the 
hysteresis loop detailed by Lawler (2006) used in this analysis, overall, the majority of 
the storm events analyzed in this study exhibited a clockwise hysteresis pattern. This 
method was carefully selected for this study because of the importance of hysteresis as 
one of the many mechanisms that influences runoff during storm events.  In comparison 
to the method of characterizing the properties of sediment discharge loops as detailed 
by other studies such as Seeger and others 2004 or Williams G. 1989, this method 
quantifies the magnitude and direction of the hysteretic affect in a single number and 
was used initially devised to be used with turbidity. Turbidity is a recognized surrogate 
for estimating suspended sediment concentrations and using an HI was better suited for 
this study than hysteretic loops.   
 Hysteresis is a rate-dependent non-linearity that is expressed through 
thresholds, switches and branches (Kane and Flynn, 2007).  It is well established that soil 
moisture and precipitation are two of the primary influencing factors generating storm 
runoff.  Subsequently soil moisture can be considered one of the critical switches that 
initiates storm runoff which further demonstrates the significance of taking hysteresis 




5.1 Relation between land cover and hysteresis patterns 
 
Many studies have investigated hysteresis effects in relation to turbidity and 
suspended sediment concentrations during storm events (Istok and Boesrma, 1986; 
House and Warwick, 1998; Sheeder and Ross, 2002; Chang and Carlson 2004; Eder et al., 
2010; Gellis 2013; Dominic et al. 2015; Zhang et al. 2016). Seeger et al. (2004) 
investigated discharge and suspended sediment concentrations during storms in a small 
headwater catchment in the Spanish Pyrenees.  They determined that clockwise 
hysteresis in mountain catchments can be explained by the rapid displacement of 
sediment from sources near the channel and the decrease of sediment before the 
decrease in discharge indicates that the sediment sources are limited and rapidly 
depleted. This is also a likely explanation for the majority clockwise hysteresis observed 
at Carter Bridge which has a mostly forested upstream landscape.    
During counter-clockwise HI events sediment sources are widespread 
throughout the catchment and not exhausted rapidly (Seeger et al., 2004).  Lawler et al. 
(2006) conducted their study in an urban river in the United Kingdom and found 
counterclockwise hysteresis to be the dominant pattern in their urban setting.  They 
suggested that counter-clockwise hysteresis could be explained by sources of suspended 
solids being further away from monitoring stations and also to the complex drainage 
systems present in urban environments in comparison to forested and rural settings. In 




be initially diluted in some solutes during storm runoff and be followed by higher 
concentrations when the sub-surface components becomes and important contributor 
(House and Warwick, 1997). The Oregon City monitoring station is located further 
downstream and its water-quality is impacted by a complicated network of upstream 
forested, agricultural and urban runoff sources.  The higher number  of counter-
clockwise hysteresis events at Oregon City in comparison to Carter Bridge may be 
attributed to the combined agricultural and urbanization signature due to its 
downstream location and tributaries that drain urban and suburban areas that have 
more complex landscapes in comparison to the forested upstream location of the Carter 
Bridge .  
Increased turbidity during storm events is largely influenced by eroded sediment 
particles entering the stream from the near stream zone and upstream tributaries in the 
basin.  Soil erosion and subsequent sediment transport into a waterway involves 
detachment, entrainment and eventual transport of particles via the stream network.  
In comparison to Carter Bridge, Oregon City has additional inputs from tributaries in the 
lower basin with the upstream influences of agricultural and urban development. This 
difference in tributary inputs must be taken into account when comparing turbidity 
measured during storms between the two stations. Agricultural practices affect the 
quantity of runoff through alteration of evaporation, the timing of runoff through 
changes in land drainage and water quality through erosion.  Hydrologic consequences 




reduction in river low flows as vegetation and soil are removed from hill lands (Pimintel, 
1976).  As land urbanizes, it is covered by impervious surfaces and paved roads, parking 
lots, and roofs which prevent rainfall or snowmelt from infiltrating into the ground. 
Surface runoff in urban areas has a higher velocity than in nonurban areas because 
imperious surfaces are smoother than meadow, range land, forest or farm fields 
(Urbonas and Roesner, 1993). Once runoff starts, the quantity and size of material 
transported increases with the velocity of water runoff (Barfield and Warner, 1981).  
Particles transported in urban areas to rivers and streams contribute to increased 
turbidity during storm events.  The larger tributaries in the northern part of the lower 
Clackamas Basin include Deep, Rock, and Sieben Creeks (Figure 1) contribute to runoff 
into the Clackamas River and runoff from this portion of the basin are not measured 
upstream at Carter Bridge.  
Rock and Sieben Creeks drainage area (Figure 1) is roughly about 25 km2. In 
contrast to areas upstream of Carter Bridge (>88% forested) is classified as  33% 
forested (USGS, StreamStats) and the rest of this sub-basin is classified as 28% 
agriculture (cultivated crops), and the remaining portion of the land cover is classified as 
developed from low to high intensity.  Storm water runoff from impervious surface area 
(12.4%) originating from the urbanized lower basin would be likely to account for some 
of the differences in turbidity observed during storm events in comparison to upstream 







5.2 Effects of discharge on changes in turbidity  
 
Multiple linear regression (MLR) is an effective tool that can be used to explain 
the variation in a dependent variable (y), by using one or more explanatory variables.  
Antecedent precipitation index (API) of 3, 5, 7, 14 and 30 days, total precipitation (P) 
and change in discharge were the explanatory variables used to determine which one 
(or combination) of these variables best explained the change in turbidity during storms.   
It is well documented in literature that soil moisture conditions and precipitation are 
primary determinants in runoff during storm events (Nikas, 2007; Bousfield, 2008; 
Shakir, 2010; Tramblay, 2012).  Results from MLR indicated that the model using change 
in discharge [∆Q=Natural Log (Ln) of change in discharge] during a storm-event best 
explains the magnitude of turbidity during storms.   The model developed for Carter 
Bridge and Oregon City using the log value of the change in discharge explained 81%  of 
the change in turbidity at Carter Bridge and 48% of the change in turbidity for Oregon 
City during the 41-storm events selected for this study.  
Results of MLR model surprisingly did not show any of the API indices to be one 
of the variables that contributed to the “best fit” results.  In a few studies where API was 
the explanatory variable for runoff amounts (Fedor and Bescht, 1989)-API were directly 




volume, (Ali et Al., 2010)—All found correlations with rainfall runoff amounts. ---This 
correlation did not translate to API in looking at changes in turbidity in this investigation. 
Onderka (2012) suggests that “complex systems (e.g. catchments) are most often 
hindered by interfering responses caused by several sub-processes that interact in time 
and space. It is very possible that the log  “change in discharge” variable incorporates 
the processes of API and total precipitation and when the variables are regressed in the 
equations the “change in Q” variable overshadows the individual effect of API’s  and 
total precipitation.  There is a correlation between the explanatory variables selected 
and it is a possible explanation as to why neither of the individual API’s or precipitation-
total did not individually have representative coefficients in the final model equations.  
5.3 Implications for water management and potential model 
improvement 
 
The Oregon City site, located in the lower portion of the Clackamas Basin, is 
more impacted by upstream agriculture and urban development, and based on 
calculated HI values, it had more than three-times more likely to have counter clockwise 
hysteresis, with higher turbidity on the falling limb of the storm hydrograph than the 
upstream primarily forested Carter Bridge site. This information can be very important 
for water management agencies and drinking water providers in the basin.  Knowing 
that a system is likely to have increased particulate matter (higher turbidity) on the 




could lessen exposure to pollutants that are higher during storm runoff events, minimize 
costs for water treatment and provide real-time warnings of conditions that might prove 
detrimental to source-water quality and therefore the quality of finished water for 
drinking water providers that use water from the Clackamas River. High turbidity 
conditions can be detrimental to water treatment, and such conditions may be avoided 
with sufficient flexibility in planning, system storage, and operations.  
The Clackamas Basin encompasses an area of 2,440 km2 of forested and rural 
land in the upper basin; with some agricultural and urban land in the lower basin.  
Studies have shown that the lack of spatially and temporally distributed rainfall data can 
have a serious impact on watershed runoff generation (Sun and  others, 2002). Several 
factors must be considered attempting to understand the hydrological control that 
affect storm events in the basin.  Precipitation is not uniformly distributed over the 
entire basin  during storm events, therefore including spatially-varying precipitation 









This research answers the three questions stated in the introduction: 
 In respect to the first research question: 
“Are there any differences in turbidity measured during high-flow storm events 
between the Carter Bridge (upstream) and Oregon City (downstream) water-quality 
monitoring stations on the Clackamas River?” 
 Paired -t-tests  results showed, of the 41 storm-events compared, turbidity values 
during storms between the two sites were statistically different.  This is strong evidence 
that the two stations respond differently during storm events.  
 In respect to the second research question 
“What are the dominant hysteresis regimes in both stations by season?” 
HI results showed that clockwise hysteresis (C) was the most common pattern of HI at 
both sites, and Oregon City  was “3-times” more likely to exhibit counter-clockwise (CC) 
hysteresis in comparison to Carter Bridge. The likely reason for this is that (C) hysteresis 
during storm events is due to turbidity peaks proceeding peaks in discharge and likely 
caused by depletion of sediments deposited in channels or near stream areas.  The 




environments and agricultural environments and by later arriving sediments from sub-
basins located in the lower portion of the Clackamas Basin. 
 In respect to the third research question: 
“Of the following parameters: antecedent precipitation index (API), total precipitation 
and discharge and which one, or combination of these parameters are the major 
controls that determine the magnitude of turbidity measured during storm events 
turbidity during storm events?” MLR model showed that the “Log change in discharge” 
best explained the “change in turbidity”.  A number of the model equations generated 
by the MLR did have coefficients for API values, but they were negative coefficients and 
not used in the final model.  The log value of the change in discharge explains 
approximately 81% of the change in turbidity at Carter Bridge and 48% of the change in 
turbidity at Oregon City.   
Conclusions 
 
Storm events in the Clackamas Basin for purposes of the study particulate matter 
resulting increased turbidity (which can be attributed to sediment in the water column) 
are limited to sediment and other particles near the stream channel.  Similar 
conclusions suggested that observed hysteresis might be due to early episode flushing 




concentrations during storm events to similar hysteresis patterns by the flushing of 
material on the rising limb of a hydrograph during storms.  
6.2 Suggested Additional Research 
 
 Further investigation into the research questions would likely focus on having 
concurrent suspended sediment concentration and particle size analysis. With this 
additional information it would be possible to establish a correlation and measurable 
relationship between the turbidity and suspended sediment concentration. Additional 
sample collection and turbidity measurement in the lower basin would also give 
information about the differences in particles mobilized during events between the 
forested upstream flow regimes and the more mixed land-use flow regimes.   
It would also be beneficial to obtain discharge measurements at Carter Bridge instead of 
using discharge measurements from the upstream Three Lynx station as a surrogate for 
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Appendix A-Statistical Summary of Turbidity and Discharge Data for 
Clackamas at Carter Bridge and Oregon City Sites 
 























Mean 5.1 4.5 Mean 70.6 106.3 
Standard 
Deviation 
18.5 14.2 Standard 
Deviation 62.2 111.0 
IQR 2.7 2.7 IQR 59.1 101.0 
Minimum 0 0 Minimum 18.3 21.1 
25% 0.7 0.7 25% 29.0 32.3 
Median 1.5 1.4 Median 55.4 81.3 
75% 3.4 3.4 75% 88.1 133.2 
Maximum 340 340 Maximum 674.2 1413.0 
n 2509 2535 n 2557 2454 
Missing 
Values 
48 22 Missing 
Values 0 103 






Appendix B-Annual Precipitation Data Summary Measured at Clackamas 








































October 142.2 639.1 188.0 228.3 269.2 292.1 233.4 284.6 164.7 
November 303.3 299.5 382.8 241 186.7 357.1 211.3 283.1 73.4 
December 356.4 166.9 280.2 197.6 213.1 207.3 424.9 263.8 95.2 
January 475 270 162.1 181.9 128.5 199.4 210.1 232.4 115.6 
February 139.2 108.5 190 229.1 241.3 243.8 393.2 220.7 92.2 
March 144.3 104.4 151.6 165.9 177.5 257.3 176.8 168.3 46.6 
April 130.3 49.8 109 159.3 16.3 131.6 101.6 99.7 36.3 
May 68.3 48.5 66.3 51.3 164.6 50.5 145 84.9 48.7 
June 1.0 8.4 2.3 8.9 13.2 29.7 10.4 10.6 9.5 
July 6.1 27.7 62.5 6.9 0.0 4.6 0.3 15.4 22.8 
August 35.3 65.5 28.7 45.5 106.4 9.1 1.8 41.8 35.7 















Appendix C Annual Precipitation Data Summary at Three Lynx and 
















Mean 5.4 1.6 
Standard 
deviation 11.2 4.9 
IQR 5.3 0.8 
0% 0.0 0.0 
25% 0.0 0.0 
50% 0.0 0.0 
75% 5.3 0.8 
100% 102.4 50.8 
n 365 341 
Missing 0 24 
Water 
Year 2006 
Statistic Three Lynx Oregon 
City 
Mean 5.2 3.2 
Standard 
Deviation 10.3 7.5 
IQR 5.1 1.8 
0% 0.0 0.0 
25% 0.0 0.0 
50% 0.0 0.0 
75% 5.1 1.8 
100% 71.1 50.8 
n 365 320 












































Statistic Three Lynx Oregon 
City 
Mean 4.7 3.2 
Standard 
Deviation 8.2 7.7 
IQR 6.8 1.8 
0% 0.0 0.0 
25% 0.0 0.0 
50% 0.1 0.0 
75% 6.8 1.8 
100% 47.0 50.8 
n 270 366 
Missing 96 0 
Water 
Year 2009 
Statistic Three Lynx Oregon 
City 
Mean 4.7 2.2 
Standard 
Deviation 9.4 6.2 
IQR 5.1 1.3 
0% 0.0 0.0 
25% 0.0 0.0 
50% 0.0 0.0 
75% 5.1 1.3 
100% 64.8 63.5 
n 365 327 
























Statistic Three Lynx Oregon 
City 
Mean 4.9 3.1 
Standard 
Deviation 8.8 6.5 
IQR 6.4 2.5 
0% 0.0 0.0 
25% 0.0 0.0 
50% 0.3 0.0 
75% 6.4 2.5 
100% 49.5 49.5 
n 365 362 
Missing 0 3 
Water 
Year 2011 
Statistic Three Lynx Oregon 
City 
Mean 5.2 3.9 
Standard 
Deviation 9.4 8.2 
IQR 6.9 4.1 
0% 0.0 0.0 
25% 0.0 0.0 
50% 0.8 0.0 
75% 6.9 4.1 
100% 75.2 50.8 
n 365 365 
































Statistic Three Lynx Oregon 
City 
Mean 5.8 3.4 
  Standard 
Deviation 12.3 8.1 
IQR 6.5 2.5 
0% 0.0 0.0 
25% 0.0 0.0 
50% 0.0 0.0 
75% 6.5 2.5 
100% 120.7 58.2 
n 366.0 366.0 




Appendix D-Summary and Statistical Information of Wet Season and Dry 
Season Turbidity and Discharge  
 
Wet Season (October-March)    Wet Season (October-March) 























Mean  8.2 7.3 Mean  82.5 131.4 
Standard 
Deviation  
22.6 19.5 Standard 
Deviation  74.4 134.5 
IQR 4.0 5 IQR 54.4 97.1 
Minimum 0 0 Minimum 21.8 22.0 
25% 1.1 1 25% 39.6 53.5 
Median 2.2 2.4 Median 62.6 92.6 
75% 5.1 6 75% 94.0 150.7 
Maximum 340 340 Maximum 674.2 1413.0 
n 1254 1271 n 1276 1273 
Missing 
Values 
22 5 Missing 











Dry Season (April-September)    Dry Season (April-September) 






















Mean  22.1 1.6 Mean  58.7 79.3 
Standard 
Deviation  
22.9 2.1 Standard 
Deviation  45.4.0 68.6 
IQR 26.0 1.1 IQR 58.0 86.9 
Minimum 1.0 0 Minimum 18.3 21.1 
25% 7.0 0.6 25% 26.8 27.2 
Median 11.0 0.9 Median 36.5 47.9 
75% 33.0 1.7 75% 84.9 114.1 
Maximum 96.0 26 Maximum 311.0 472.9 
n 1281 1264 n 1281 1181 
Missing 
Values 
0 17 Missing 







Appendix E- Hysteresis Indices for Carter Bridge 
 




















Season HI HD 
2006.1 11/10-
11/24 
41.1 85.8 63.4 14 1.6 wet 7.75 C 
2006.2 12/18-
12/26 
25.3 354.0 189.6 45 47 wet -0.04 CC 
2006.3 12/29-
1/6 
184.6 560.7 372.6 110 92 wet 0.20 C 
2006.6 1/28-
2/11 
74.2 219.7 147.0 22 8.4 wet 1.62 C 
2006.7 2/27-
3/5 
45.9 62.6 54.2 3 0.3 wet 9.00 C 
2006.8 3/7-
3/12 
49.6 57.8 53.7 1.2 3.9 wet -2.25 CC 
2006.9 4/2 -
4/30 




















Season HI HD 
2007.1 10/31 - 
11/12 
20.5 515.4 267.9 170 100 wet 0.70 C 
2007.2 12/8-
12/22 
63.7 356.8 210.3 34 32 wet 0.06 C 
2007.3 12/22-
1/7 
84.1 253.2 168.6 29 12 wet 1.42 C 
2007.6 3/24-
4/1 
69.7 122.9 96.3 11 2.7 wet 3.07 C 




















Season HI HD 
2008.1 10/15-
10/26 
19.2 113.3 66.2 11 2.8 wet 2.93 C 
2008.2 11/15- 
11/26 
98.5 186.0 142.3 9.6 21 wet -1.19 CC 
2008.3 12/1-
12/16 
35.1 501.2 268.2 63 38 wet 0.66 C 
2008.5 5/14-
5/28 



























Season HI HD 
2009.1 10/27-
11/5 
22.6 40.8 31.7 3 0.9 wet 2.33 C 
2009.2 11/5-
11/18 
36.8 288.8 162.8 59 24 wet 1.46 C 
2009.3 12/23-
1/20 
26.4 194.3 110.3 14 6.7 wet 1.09 C 
2009.4 2/21-
3/17 
31.7 122.3 77.0 14 3.5 wet 3.00 C 
2009.5 5/4-
5/31 




















Season HI HD 
2010.1 11/5 - 
11/16 
26.1 69.4 47.7 4.6 1.5 wet 2.07 C 
2010.2 12/9 - 
12/30 
26.2 145.3 85.7 10 4.1 wet 1.44 C 
2010.3 1/4 -
1/15 
82.1 192.8 137.5 14 6.6 wet 1.12 C 
2010.4 3/28- 
4/5 
55.5 303.0 179.2 68 20 wet 2.40 C 
2010.5 6/1 -
6/22 
52.1 216.6 134.4 8.6 5.7 dry 0.51 C 
2010.6 9/14-
10/2 




















Season HI HD 
2011.1 10/20-
10/30 
22.3 55.2 38.8 3.8 2.5 wet 0.52 C 
2011.2 11/13-
11/26 
38.2 122.3 80.3 8.6 5.2 wet 0.65 C 
2011.3 11/26-
12/7 
49.0 111.0 80.0 18 3.2 wet 4.63 C 
2011.4 12/7-
12/25 
40.2 305.8 173.0 36 23 wet 0.57 C 
2011.5 12/25-
1/7 
50.7 121.2 85.9 18 6 wet 2.00 C 
2011.6 1/11-
2/2 



























Season HI HD 
2012.1 11/10-
11/21 
21.2 85.5 53.4 NA NA wet NA C 
2012.2 11/21-
12/26 
30.9 156.6 93.7 41 7.9 wet 4.19 C 
2012.3 12/27-
1/16 
22.7 481.4 252.0 210 60 wet 2.50 C 
2012.4 1/17-
2/10 
24.9 518.2 271.6 130 38 wet 2.42 C 
2012.5 2/17-
3/3 
56.9 187.5 122.2 14 5.5 wet 1.55 C 
2012.6 3/9-
3/27 
60.6 387.9 224.3 140 28 wet 4.00 C 
2012.7 3/29-
4/10 
82.1 512.5 297.3 80 51 wet 0.57 C 
2012.8 4/15-
5/13 
81.6 196.5 139.0 7.5 1.7 dry 3.41 C 
          
Event- water year and storm number of that water year, M
3
/sec-cubic meters per second, Qmin-discharge at 
the start of storm event, Qmax-peak discharge of storm event, Qmid-discharge at the midpoint of storm 
event, TURL-turbidity at the midpoint on the rising limb of the hydrograph, TUFL- turbidity at the midpoint 
on the falling limb of the hydrograph,  
HI-hysteresis index, HD-hysteresis direction, C-clockwise hysteresis (turbidity higher on rising limb of storm 
hydrograph),  












Appendix F- Hysteresis Indices for Oregon City 
 





















Season HI HD 
2006.1 11/10-
11/24 
73.1 186.9 130.0 4.8 1.4 wet 2.43 C 
2006.2 12/18-
12/26 
34.8 186.3 110.6 23 23 wet 0.00  
2006.3 12/29-
1/6 
362.5 1305.4 833.9 120 100 wet 0.20 C 
2006.6 1/27-
2/11 
74.8 218.3 146.5 30 52 wet -
0.73 
CC 
2006.7 2/27-3/5 65.1 142.2 103.6 21 3.7 wet 4.68 C 
2006.8 3/7-3/12 83.8 113.8 98.8 24 4.2 wet 4.71 C 
2006.9 4/2-4/30 
 



















Season HI HD 
2007.2 12/8-
12/22 





138.5 219.5 179.0 12 7.4 Wet 0.62 C 



















Season HI HD 
2008.1 10/15-
10/26 
28.9 162.3 95.6 9.7 2.7 Wet 2.59 C 
2008.2 11/15- 
11/26 






69.9 841.0 455.5 45 40 Wet 0.13 C 
2008.5 5/14-
5/28 





















Season HD HI 
2009.1 10/27-
11/5 
26.4 80.1 2.3 7 2.3 Wet 2.04 C 
2009.2 11/5-
11/18 
48.4 688.1 368.3 50 31 Wet 0.61 C 
2009.3 12/23-
1/20 
35.1 464.4 249.8 16 9.4 Wet 0.70 C 
2009.4 2/21-
3/17 
45.6 252.3 148.9 4.2 8.1 Wet -
0.93 
CC 





















Season HI HD 
2010.1 11/5 - 
11/16 
36.8 152.6 94.7 5.3 3.8 Wet 0.39 C 
2010.2 12/9 - 
12/30 
36.5 245.2 140.9 15 4.5 Wet 2.33 C 
2010.3 1/4 -
1/15 










109.3 438.9 274.1 17 9.4 Dry 0.81 C 
2010.6 9/14-
10/2 





















Season HI HD 
2011.2 11/13-
11/26 
72.8 280.9 176.8 30 8.4 Wet 2.57 C 
2011.3 11/26-
12/7 
69.9 294.5 182.2 11 4.9 Wet 1.24 C 
2011.4 12/7-
12/25 
85.8 753.2 419.5 43 31 Wet 0.39 C 
2011.5 12/25-
1/7 
85.2 390.8 238.0 35 12 Wet 1.92 C 





























Season HI HD 
2012.2 11/21-
12/26 
53.2 228.8 141.0 13 7.1 Wet 0.83 C 
2012.3 12/27-
1/16 
35.4 906.1 470.8 110 82 Wet 0.34 C 
2012.4 1/17-
2/10 
69.7 1226.1 647.9 65 36 Wet 0.81 C 
2012.5 2/17-3/3 105.3 373.8 239.6 5.3 8.9 Wet -
0.68 
CC 












132.8 305.8 219.3 5.9 5.8 Dry 0.02 C 
Event- water year and storm number of that water year, WY-water year, M
3
/sec-cubic meters per second, 
Qmin-discharge at the start of storm event, Qmax-peak discharge of storm event, Qmid-discharge at the 
midpoint of storm event, TURL-turbidity at the midpoint on the rising limb of the hydrograph, TUFL- 
turbidity at the midpoint on the falling limb of the hydrograph, HI-hysteresis index, HD-hysteresis 
direction, C-clockwise hysteresis (turbidity higher on rising limb of storm hydrograph), CC-counter 




Appendix G-Shapiro-Wilk Test for Normality Results for Change in 
















































Shapiro-Wilk Test Results 






 Carter Bridge 
(Log∆Q) 
0.9545 0.1087 
Carter Bridge 
(Log∆Tb) 
0.9242 0.0104
8 
Linear Model 
Residuals 
0.9081 0.0332
2 
